The emergence and maturation of dopaminergic neurons during postnatal development of the rabbit retina have been followed using high affinity uptake, content, synthesis, storage, metabolism, and release of dopamine as transmitter-specific physiological probes. Autoradiographic and histochemical studies have shown that dopamine-containing neurons in the rabbit retina belong to a class of amacrine cells whose processes ramify mainly in the most distal region of the inner plexiform layer. These neurons contain high concentrations of dopamine, take up dopamine by a high affinity mechanism, and release the accumulated dopamine by a Ca2+ -dependent mechanism upon depolarization of the retina with high extracellular K'. In addition, the rabbit retina contains significant activities of tyrosine 3-hydroxylase (TH, EC 1.14.16.2) and monoamine oxidase (EC 1.4.3.4), the rate-limiting enzymes for the biosynthesis and degradation of dopamine, respectively. In the present study, we show that certain neurons in the newborn retina already possess a specific mechanism for dopamine uptake. The position, density, morphology, and ramification of these cells in the developing retina strongly suggest that they will become dopaminergic neurons in the adult retina. In addition, the ability of the newborn retina to release the accumulated dopamine upon Ca"+-dependent K+ stimulation is qualitatively similar to that of the adult retina. These putative dopaminergic neurons are, however, probably immature at birth because newborn retinas contain very low levels of TH activities and endogenous dopamine. The activities of retinal TH are extremely low between days 0 and 6 after birth, increasing slowly to 30% of the adult level by day 18. There is then a drastic rise in TH activity, reaching the adult level by day 25. The concentration of dopamine in the developing retinas follows closely the increase in TH activity, rising in the same biphasic pattern and reaching the adult level at about 25 days after birth.
A characteristic feature during the development of a nervous system is the emergence and maturation of specific neurotransmitter systems in different neurons. In the vertebrate retina, there is considerable evidence ' for y-aminobutyric acid (GABA), glycine, and dopamine as neurotransmitters (Ames and Pollen, 1969; Brandon et al., 1980; Dowling and Ehinger, 1978; Graham, 1974; Kong et al., 1980; Lam, 1976; Lam et al., 1979) . The neurons which use these substances as transmitters have been shown to contain high concentrations of these substances and their synthetic enzymes, to possess high affinity uptake mechanisms for these transmitters, and to release them in response to appropriate depolarizing stimuli. We have recently used these specific properties as physiological probes to follow the development of the GABAergic, glycinergic, and dopaminergic systems in identified neurons during differentiation and maturation of Xenopus and rabbit retinas. This is the third paper in our series of studies on the development of neurotransmitter systems in the rabbit retina. In this paper, we examine the emergence and maturation of dopaminergic neurons and compare these results to the developmental patterns reported previously for GABAergic and glycinergic neurons Lam et al., 1980) .
Materials and Methods
Injections and incubations. The procedures used for the uptake and release experiments have been described in detail elsewhere Lam et al., 1980) . Eighty New England white (albino) rabbits aged 0 to 60 days and 10 adult rabbits were used for this study. For the first several weeks after birth, each litter of pups was raised with its mother in a large cage containing a wooden nest,ing box. They were kept under uniform conditions and fed a standard Purina Laboratory Rabbit Chow with drinking water ad libitum. The animal house was kept at a normal 12-hr dark-light cycle. The eyes were in a lightadapted state during the experiments. The uptake and release of dopamine were studied using [3H]dopamine (3,4-[ ethyl-1 -3H(N) ]dihydroxyphenylethylamine; specific activity, 15.4 Ci/mmol; New England Nuclear Corp., Boston, MA). In these experiments, a rabbit was anesthetized with ether under room light and 50 ~1 of isotonic saline solution containing 50 PCi of [3H]dopamine was injected into the vitreous of one eye through the cornealscleral junction. The injection site could be visualized by observing the tip of the hypodermic needle through the lens. Since the eyes of rabbits aged 0 to 10 days after birth are still closed, the eyelids first were slit open with a razor blade before the injection. Ninety minutes after the injection, the animal was anesthetized with ether and decapitated. The injected eye was enucleated; the retina then was isolated and placed on a Petri dish containing Ames' bicarbonate-buffered Ringer's solution (pH 7.4) (Ames and Pollen, 1969; Webster and Ames, 1969) oxygenated with 5% CO, and 95% 02. After removal of all of the vitreous and the most peripheral regions of the retina, the rest of the retina was cut into five approximately equal pie-shaped pieces and each was placed in a separate Petri dish containing 4 ml of Ringer's solution.
Autoradiography. After washing for 3 min in Ringer's solution, one piece of retina from the injected eye was transferred to a fixative containing 2% glutaraldehyde and 1% paraformaldehyde in 100 mM sodium phosphate buffer (pH 7.2). The retina was fixed for 1 hr at room temperature and overnight at 4"C, post-fixed with 1% 0~04, dehydrated with ethanol, and embedded in Epon/ Araldite mixture. Sections, 1 to 2 pm thick, were cut and placed on pre-cleaned glass microscopic slides. Slides were dipped in the dark with Kodak NTB2 liquid emulsion (diluted 1: 1 with water) at 40°C. After 10 to 50 days of exposure at 4°C in the dark, the slides were developed for 2 min at 15°C in Kodak Dektol (diluted 1: 1 with water) fixed with Kodak fixer at 15°C for 15 min. The autoradiographs then were washed with three changes of distilled water, stained with 1% toluidine blue, and examined by light microscopy to determine the presence and localization of r3H]dopamine uptake.
Release experiments. Four pieces of retina from the injected eye each were incubated at room temperature in a Petri dish containing 5 ml of Ringer's solution for 1 hr. The medium was changed every 5 min. In order to enhance effective exchange between the extracellular fluid and the Ringer's solution, the Petri dishes were placed on a shaker set at a moderate speed. After 1 hr of washing, the spontaneous efflux of radioactivity from each piece of retina usually reached a steady basal level. Each piece of retina then was transferred to a graduated conical tube containing either 2 ml of normal Ringer's solution or an isotonic Ringer's solution in which 56 mM NaCl had been replaced by 56 mM KC1 (K' rich) to examine the presence of K+-stimulated ["Hldopamine release. The medium in each tube was changed every 3 min. One milliliter of each eluate was mixed thoroughly with 9 ml of a scintillant mixture (667 ml of toluene, 333 ml of Triton X-100,5.5 gm of PPO (2,5-diphenyloxazole), and 0.1 gm of POPOP (1,4-bis-2-(5-phenyloxazolyl)benzene)), and the radioactivity was measured by a liquid scintillation counter (Beckman, model LS-330). Ten microliters of each eluate was used to determine, by high voltage paper electrophoresis, the percentage of total radioactivity remaining as [3H]dopamine (Hildebrand et al., 1971) . The Ca2+ dependence of this release was studied by adding CoC12 to either normal or K+-rich Ringer's solution at a final concentration of 10 mM during the appropriate intervals. The K+-stimulated Ca2+-dependent release of [3H]dopamine from the retina was expressed (in percent) as the ratio of total disintegrations per min of [3H]dopamine released into the medium due to Co2'-inhibited K+ stimulation over the total disintegrations per min of [3H]dopamine remaining in the retina at the time of the K'-induced release. After each release experiment, the retina was homogenized with a glass homogenizer (from Kontes Glass Co., Vineland, NJ) in 1 ml of 40% trichloroacetic acid. Twenty microliters of the supernatant was used to determine the percentage of the total radioactivity in the retina remaining as [3H]dopamine using high voltage paper electrophoresis (Hildebrand et al., 1971) .
In order to protect the ["Hldopamine from degradation, sodium ascorbate (from Merck) and pargyline hydrochloride (from Regis Chemical Co.) were added to the Ringer's solution at final concentrations of 1 mM and 15 PM, respectively.
Assay of tyrosine hydroxyylase. Tyrosine hydroxylase (EC 1.14.16.2) activities were measured using the methods described by Nagatsu et al. (1964) and Coyle (1972) with some modifications. Retinas were homogenized in 5 vol (w/v) of 50 mM potassium phosphate buffer (pH 6) containing 0.2% Triton X-100. The homogenates were centrifuged with an Eppendorf Microfuge model 5412 in a cold room at 10,000 X g for 10 min. The supernatant was decanted for assay. Fifty microliters of the supernatant of the retinal homogenates was added to each 15-ml glass centrifuge tube containing a reaction mixture of 10 ~1 of 1 M potassium phosphate buffer (pH 6), 1,100 units of catalase (EC 1.11.1.6; 13,800 units/mg; Sigma) in 10 ~1 of glass-distilled water, 20 ~1 of 50 units/ml of dihydropteridine reductase (EC 1.6.99.7; Sigma), 5 ~1 of 0.01 M reduced nicotinamide-adenine dinucleotide phosphate (Sigma), 10 ~1 of 6.4 mM 2-amino-4-hydroxy-6,7-dimethyltetrahydropteridine (Sigma) freshly prepared in ice cold 0.005 M HCl, 5 ~1 of 63 mM freshly prepared ferrous ammonium sulfate solution. Blanks were prepared by replacing the supernatant with distilled water. The reaction was initiated by the addition of 10 ~1 of 2.26
(uniformly labeled; specific activity, 22.1 mCi/mmol; New England Nuclear Corp., Boston, MA) and was incubated for 30 min at 37°C in room air. The reaction was terminated by the addition of 6 ml of 0.4 M perchloric acid containing 6 pg of carrier of L-dopa (Sigma). The perchlorate-inactivated incubated mixture was centrifuged at 1,000 X g for 10 min; the supernatant was added to a 20-ml Erlenmyer flask containing 400 mg of acid-washed alumina (Merck) pre-activated at 110°C for 1 hr, 5 ml of 2% EDTA (ethylenediaminetetra-acetate, w/v), 1.5 ml of 0.35 M potassium phosphate, and 30 mg of sodium disulfite. The mixture was stirred and titrated to pH 8.6 with 1 M NaOH. After shaking for 5 min, the absorbent then was allowed to settle and the liquid was decanted. Then the alumina was resuspended in 4 ml of 100 mM potassium phosphate buffer (pH 8.6) and charged over a 0.6 x 10 cm column. The columns were washed with another 16 ml of the buffer. The ['4C]dopa so formed was eluted with 3 ml of 0.3 M acetic acid and the radioactivity was measured by liquid scintillation counting. The results were corrected for recovery of dopa, which was consistently found to be 69 to 71%. For kinetic studies, substrate concentrations ranging from 0.2 mM to 12.5 pM were used. Determination of endogenous dopamine content. The endogenous levels of dopamine were determined by means of a sensitive, radioenzymatic assay described by Coyle and Hendry (1973) . Catecholamines were converted into their corresponding 3-0-methylated derivatives in the presence of catechol 0-methyltransferase and ["HImethyl S-adenosylmethionine. The tritiated derivatives were separated by selective solvent extraction. Rabbits were sacrificed by cervical dislocation, and the retinas were isolated in 0.25 M ice cold sucrose solution, then blotted, and weighed. The tissue was frozen quickly in liquid nitrogen within 2 min and stored at -80°C. The frozen retinal tissue was homogenized in 20 vol (w/v) of 0.1 M perchloric acid with a glass homogenizer. The homogenates were centrifuged at 15,000 x g for 20 min. The supernatant was decanted for assay.
Three hundred microliters of the supernatant was placed in 15-ml centrifuge tubes. Standards consisting of 5 ng of dopamine. HCl (from Sigma) in 10 ~1 of 0.1 M perchloric acid were added to 300 ~1 of the supernatant for each assay. The reaction was initiated with the addition of 100 ~1 of a mixture containing 500 PI-18 of DLdithiothreitol (Sigma), 0.5 pmol of MgC12, 140 pmol of Tris-HCl buffer (pH 9.6), 25 ~1 of 80 units/ml catechol Omethyltransferase (EC 2.1.1.1; from Sigma), 2.5 @i of S-[ methyl-"Hladenosyl-L-methionine (specific activity, 4.52 Ci/mmol; New England Nuclear Corp., Boston, MA) The reaction mixture was incubated for 60 min at 35°C in a Dubnoff metabolic shaker. The reaction was stopped by the addition of 150 ~1 of 1 M borate buffer (pH 11).
After the addition of nonradioactive carriers (7 pg of methoxytyramine . HCl, 3 pg of DL-normetanephrine. HCl, and 3 pg of DL-metanephrine . HCl; all from Sigma), the 0-methylated products were extracted into watersaturated ethyl acetate:methanol (lO:l, v/v) by mixing with a whirlmixer for 30 sec. The phases were separated by low speed centrifugation. The organic phase was aspirated and discarded. The acid phase was washed with 8 ml of water-saturated ethyl acetate, and the organic phase was discarded.
The centrifuge tubes then were transferred to an ice bath and 0.5 ml of 0.5 M sodium phosphate buffer (pH 7.5) was added to each tube. The dopamine-and norepinephrine-derived products were separated by cleaving the side chains at the P-hydroxy group. Fifty microliters of 3% (w/v) sodium metaperiodate (Merck) was added, followed by 50 1.11 of 10% (v/v) glycerol after 2 min. [methyl-"H]Vanillin, the cleavage product of norepinephrine, was extracted into 10 ml of toluene, and the organic phase was aspirated and discarded. The aqueous phase was used for dopamine determination. To each tube, 0.5 ml of 1 M borate buffer (pH 11) and 8 ml of toluene: isoamyl alcohol (3: 2, v/v) were added and the [methyl-"Hlmethoxytyramine was extracted into the organic phase. Four milliliters of the organic phase was counted with 10 ml of scintillant mixture. When corrected for extraction procedures, over 80% of the catecholamines were converted to their "H 0-methylated derivatives in the absence of tissue. Tissue extracts reduced the recovery of the labeled products; the recovery factor for a 20-fold dilution remained consistently at about 60 f 6%.
Assay of monoamine oxidase.
The assay method of monoamine oxidase (MAO, EC 1.4.3.4) was modified from that described by Berrentini et al. (1978) . Rabbits were killed by cervical dislocation and the retinas were isolated in 0.25 M ice cold sucrose solution, blotted, and weighed for storage at -80°C until use. The retinal tissues were homogenized in 10 vol (w/v) of 50 mM sodium phosphate buffer (pH 7.4) with a glass homogenizer and centrifuged at 1,000 x g for 2 min, and each supernatant was removed for enzyme assay. One hundred microliters of the supernatant was added to each 15 ml of sodium phosphate (pH 7.4). The reaction was initiated by the addition of 50 ~1 of 3 mM 3,4-[ethyl-2-"H(N)]-dihydroxyphenylethylamine (specific activity, 11 mCi/ mmol; New England Nuclear Corp., Boston, MA). The reaction mixture was incubated at 37'C for 30 min in a Dubnoff metabolic shaker. For the control experiment, 100 ~1 of 0.5 M sodium phosphate buffer (pH 7.4) was added instead of the retinal extracts. The reaction was stopped by adding 1 ml of 2 M HCl. The reaction product, 3,4-dihydroxyphenylacetic acid was extracted into 6 ml of toluene:tetrahydrofuran (2:1, v/v) by mixing in a Vortex mixer for 15 sec. Three milliliters of the organic phase was counted for radioactivity with the addition of 10 ml of scintillant mixture. With this method of solvent extraction, over 99.5% of the substrate remained in the aqueous phase. For kinetic studies, substrate concentrations ranging from 0.5 to 0.05 mM were used. Vol. 1, No. 10, Oct. 1981 Pharmacological study of monoamine oxidase. The inhibitory effects of an irreversible MAO-A selective inhibitor, clorgyline (May and Baker Ltd., Essex, England) (Johnston, 1968) , and irreversible MAO-B selective inhibitor, deprenyl (from Dr. J. Knoll, Semmelweis University of Medicine, Budapest, Hungary) (Knoll and Magyar, 1972) , on retinal MAO activities were studied with concentrations ranging from 10m3 to lo-l3 M. In each set of experiments, appropriate concentrations of the inhibitors were preincubated with the supernatant of retinal homogenate for 15 min at 37°C before the addition of the substrates. The same protocol described earlier was applied, using 0.6 mu [3H]dopamine-HC1 (specific activity, 11 mCi/mol; New England Nuclear Corp., Boston, MA) as the substrate.
In another series of experiments, tryptamine was used as the substrate (Wurtman and Axelrod, 1963) . Retinas were homogenized with 10 times the wet weight of 50 mM ice cold sodium phosphate buffer (pH 7.4). The homogenate was centrifuged at 1,000 X g for 2 min. One hundred microliters of the supernatant was added to 100 ~1 of 0.5 M sodium phosphate buffer (pH 7.4). The reaction was initiated by adding 100 4 of 0.52 mu [side chain-2-14C]-tryptamine bisuccinate (specific activity, 1.92 Ci/mmol; New England Nuclear Corp., Boston, MA). The reaction mixture was incubated at 37°C for 30 min and was terminated by the addition of 0.2 ml of 2 M HCl. The reaction product was extracted with 6 ml of toluene. For control experiments, 100 ~1 of 0.5 M sodium phosphate buffer (pH 7.4) was used instead of the supernatant. The tube then was mixed in a Vortex mixer for 15 set and 3 ml of the organic phase was aspirated for the measurement of radioactivity.
Monoamine oxidase in the rabbit retina was characterized further by using benzylamine as a substrate. Benzylamine is known as a MAO-B-specific substrate. The assay procedure was modified from that described by Tabor et al. (1954) and McEwen and Cohen (1963) . Retinas were homogenized in 10 times the wet weight of 50 mM sodium phosphate buffer (pH 7.2) and then centrifuged at 1,000 x g for 2 min. Six hundred microliters of the supernatant was added to 0.75 ml of 0.2 M sodium phosphate buffer (pH 7.2) and the reaction was initiated by the addition of 0.15 ml of 8 mu benzylamine (BDH). The control experiments were identical to the test except that the substrate was not added until the end of the incubation. The incubation mixture was shaken at 37°C for 2 hr. The reaction was stopped by the addition of 0.15 ml of 60% perchloric acid. The reaction product is benzaldehyde which was extracted with 1.5 ml of cyclohexane by mixing in a Vortex mixer for 10 sec. The mixing was repeated for 10 set after standing at room temperature for 15 min. The phases were separated by centrifugation at 2,000 x g for 10 min. The organic phase was read against the blank for absorbance at 242 nm using a Hitachi UV-VIS Spectrophotometer (model 139).
Identification of metabolites. High voltage paper electrophoresis was utilized for the separation and identification of metabolites in the retinas incubated with [3H]-dopamine and the eluates of the release experiments (Hildebrand et al., 1971 ). Whatman No. 3MM paper (52 x 20 cm) was used and the separation was performed by high voltage electrophoresis (Shandon, model L24) at 6,000 V for 1 hr. The solvent system was a mixture of 1.4 M acetic acid and 0.47 M formic acid at pH 1.9. Ten microliters of the eluate was spotted onto the paper after 10 4 of the corresponding carrier solution was placed as a marker. The optimal concentration of dopamine used is 0.5 mg/ml. After electrophoresis, the position of dopamine on the paper was identified by spraying the paper with ferricyanide/ethylenediamine solution (0.1% K3Fe( CN)G in 5% (v/v) ethylenediamine) . The paper then was dried for 5 min at 50°C. The reaction products fluoresce upon ultraviolet illumination. The paper was cut into l-cm squares and eluted with 2 ml of water, and the radioactivity was measured.
Protein determination. Protein contents were determined by the method of Lowry et al. (1951) , using bovine serum albumin as standard. Absorbance was measured with a Hitachi UV-VIS Spectrophotometer (model 139).
Results
Dopamine-accumulating neurons in the adult retina. After an intraocular injection of r3H]dopamine, the radioactivity is confined to the inner plexiform layer and to occasional somas in the vitreal side of the inner nuclear layer (Fig. 1) . The density of [3H]dopamine-accumulating somas (between 0.4 and 1.2 somas/mm of linear retinal expanse) is much lower than the densities of GABA-and glycine-accumulating somas (49 and 70, respectively; Kong et al., 1980; Lam et al., 1980) in the rabbit retina. Analyses by high voltage paper electrophoresis of the radioactive products in the retina 1 hr after the injection showed that 89.9 f 2.5% of the radioactivity was still associated with ["Hldopamine. The position and lamination pattern of the dopamine-accumulating cells indicate that these probably belong to a type of amacrine cells. These cells ramify mainly in a sharp band adjacent to the inner nuclear layer with occasional punctate terminals deeper in the inner plexiform layer. The number and morphology of these cells in the rabbit retina are very similar to the dopamine-containing cells, as revealed previously by histofluorescent techniques (Dowling and Ehinger, 1978; Malmfors, 1963, 1965; Laties and Jacobwitz, 1966) . Thus, the dopamine-accumulating amacrine cells in this retina probably also contain high levels of endogenous dopamine and are probably dopaminergic.
Release of ["HIdopamine in the adult retina. The ability of the dopamine-accumulating neurons to release the preloaded ["Hldopamine upon depolarization by high external K' was examined by an intraocular injection of ["Hldopamine 1 hr prior to the release experiment. As shown in Figure 2 , radioactivity can be released from the retina in response to K' stimulation. Furthermore, this release is probably Ca"+ dependent as it is inhibited by 5 to 10 mM Co'+ in the medium. Upon removal of the Co'+, K'-rich Ringer's solution once again elicits a smaller but significant efflux of radioactivity from the retina. Product identification of the radioactivity in the retinas and eluates by high voltage paper electrophoresis showed that 96.1 +: 2.0% of the radioactivity release in response to K'-rich Ringer's solution remained as [3H] dopamine. This result therefore shows that dopamine, and not its metabolic products, is released from dopamine-accumulating neurons by K' depolarization of the retina. Dopamine content and tyrosine hydroxylase activity in the adult retina. In order to minimize any variations in endogenous dopamine levels due to circadian rhythm (Otten and Thoenen, 1975; Thoenen, 1970) , rabbits were kept in a stable environment described under "Materials and Methods." They were sacrificed in the light-adapted state at about the same time of the day (2 P.M.). The retinas were isolated quickly, placed in isotonic medium, and frozen in liquid nitrogen within 1 min to minimize postmortem changes in dopamine content. Using the radioenzymatic assay described by Coyle and Hendry (1973) , the endogenous dopamine content in adult rabbit retinas was found to be 2.2 + 0.3 PM.
The activities of tyrosine hydroxylase (TH), the ratelimiting enzyme for dopamine synthesis, were measured by methods modified from those of Nagatsu et al. (1964) and Coyle (1972) . The retinas also were light adapted at the time of isolation to minimize possible activities in TH changes due to light stimulation (Iuvone et al., 1978) . Under these conditions, the specific activity of TH in the adult rabbit retina was found to be 6.0 + 0.5 pmol/gm of protein/hr.
Monoamine oxidase in the adult retina. A method modified from that of Berrentini et al. (1978) was used to measure the specific activities of monoamine oxidase (MAO), the enzyme responsible for the degradation of dopamine. The specific activity of this enzyme in the adult rabbit retina was found to be 4.5 + 0.8 pmol of dopamine degraded/gm of protein/hr. Since two distinct types of MAO, MAO-A and MAO-B, are known to exist in different tissues (Hall et al., 1969; Roth and Gillis, 1975) and follow different developmental patterns (Bourgoin et al., 1977; McCaman and Aprison, 1964) , the characteristics of MAO in the rabbit retina were further examined pharmacologically by using specific inhibitors Vol. 1, No. 10, Oct. 1981 of MAO-A (clorgyline) and MAO-B (deprenyl), respec-As shown in Figure 4 , using tryptamine as a substrate, tively. In the first study, dopamine, which is a common deprenyl is even less effective in inhibiting MAO activity, substrate for both MAO-A and MAO-B, was used as the while clorgyline remains a potent inhibitor. Under these substrate. As shown in Figure 3 , MAO activity in the conditions, the I&o for deprenyl is 2.51 x lop4 M, while retina is only partially inhibited even at relatively high that for clorgyline is 5.37 X lo-*' M. Thus, clorygyline is concentrations of deprenyl (10m5 to 10m7 M). However, in over lo" times more potent in the inhibition of MAO this concentration range, clorgyline inhibits MAO activ-activities. Once again, no point of inflection is present in ity by over 95%. The IC50 for deprenyl is 1.17 X lo-" M, these plots, indicating that the MAO in the rabbit retina whereas that of clorgyline is 2.92 x lo-" M. Thus, clor-is only or predominantly of the type MAO-A. gyline is over lo4 times more effective in the inhibition of
In another set of experiments, benzylamine, a MAO-MAO activities in the rabbit retina. Furthermore, the B-specific substrate, was used for the assay of MAO dose-response plot shown in Figure 3 is of a single sig-activities. The change in the absorbance due to the moidal rather than double sigmoidal shape, indicating formation of benzaldehyde is extremely small and apthat there is only one type of MAO in the rabbit retina.
proaches 0 for the same enzyme dilution as in the former Glover et al. (1977) have shown that dopamine may enzyme assays using dopamine and tryptamine as subnot be a common substrate for MAO in certain tissues. strates. This result further demonstrates a lack of MAOWe therefore used tryptamine, another common sub-B activities in the rabbit retina. strate for MAO, to characterize this enzyme in the retina.
Localization of fH/dopamine uptake during retinal Figure 5~ . Although there is a distinct inner plexiform layer, the retina at this age is morphologically and physiologically immature Lam et al., 1979; Masland, 1977; McArdle et al., 1977) . There are still some mitotic figures and no outer segments. Nevertheless, distinctly labeled dopamine-accumulating cells are present in the newborn retina, indicating that these cells already possess a specific mechanism for dopamine uptake. Additionally, similar to the labeling pattern for dopamine uptake in the adult retina, within the inner plexiform layer, there is a sharp band of labeled processes adjacent to the inner nuclear layer (Fig. 5~) . The morphology, pattern of lamination, and density of these labeled cells are similar to dopamine-accumulating cells of the adult retina. These results suggest that the commitment for certain neurons in the rabbit retina to be dopaminergic is made at, or prior to, birth.
The uptake of [3H]dopamine by retinal cells following injections of ["Hldopamine into the eyes of l-day-old animals is shown in
At 4 days after birth, the retina is still immature, but the cells are less elongated and there is a clearly defined outer plexiform layer (Fig. 5b) . The band of dopamineaccumulating processes in the inner plexiform is also more distinct. Once again, the morphology and density of dopamine-accumulating cells at this developmental stage are very similar to those of the adult as well as the l-day-old retina, indicating that these cells are most likely destined to be dopaminergic neurons. Furthermore, the paucity of the dopaminergic somas, despite the presence of a distinct band of labeled processes in the 4-dayold retina, suggests that these neurons already have extensive arborizations at this stage.
Release of [ 3H]dopamine
during retinal development.
Since our autoradiographic results show that dopamineaccumulating neurons are already present and identifia- . Autoradiographs of developing rabbit retinas 1 br after an intraocular injection of 50 &i of [3H]dopamine. a, l-day-old retina. Although there is a fairly distinct inner plexiform (arrow) layer, the retina is morphologically immature. There are still some mitotic figures (arrow) and no outer segments, the cells are fairly elongated and the retina is much thicker than the adult retina. Nevertheless, labeled somas are obviously located in the vitreal side of the inner nuclear layer. Additionally, similar to the adult retina, labeled processes in the inner plexiform layer are concentrated in a band adjacent to the inner nuclear layer.
b, 4-day-old retina. The somas in the inner nuclear layer are more rounded. The morphology and distributions of labeled somas and their arborizations resemble dopamine-accumulated amacrine cells in the adult retina.
The maturing inner nuclear layer and inner plexiform layer are denoted by the upper and lower vertical bars, respectively. Scale bar, 20 pm.
ble at birth, the emergence and maturation of K+-stimulated Ca2+-dependent release of dopamine from these cells can be studied throughout postnatal development by preloading them with [3H]dopamine. As shown in Figure 6 , K+-stimulated Ca2+-dependent release of the accumulated r3H]dopamine is observed even in the newborn retina. However, under our experimental conditions, the rate of dopamine release from the newborn retina is only about 40% that of the adult. This finding indicates that the release mechanism may only be partially mature or that there are fewer dopamine release sites at birth. The rate of [3H]dopamine release increases steadily to about 75% of the adult level by day 10 and reaches the adult level by day 14.
concentrations, reaching about 50% of the adult level on day 21 and 100% by day 25. The biphasic pattern in the maturation of retinal dopamine contents is matched closely by the increase in TH activities. As shown in Figure 7 , the activity of this enzyme in newborn retinas is extremely low (about 10 nmol/gm of piotein/hr). This low activity is maintained until day 6 when it increases to about 15% of the adult level by day 9. This level rises very slowly until about day 18 when there is a large abrupt increase, reaching the adult level by about day 25. These results suggest that there is a close correlation between the dopamine concentrations and TH activities during retinal development. Dopamine content and tyrosine hydroxylase activities Kinetics of tyrosine hydroxylase activities during retduring retinal development. The endogenous levels of inal development. The emergence and maturation of TH dopamine in developing retinas were measured using a activities during retinal development were investigated method identical to that for adult retina. As shown in further by kinetic studies of this enzyme. Figure 8 is a Figure 7 , dopamine levels in the retina are fairly low for Lineweaver-Burk plot for the kinetic studies of TH activthe first 6 days after birth. From day 6 to day 9, the ities in day 8 and adult retinas. The experimental data dopamine concentration increases slightly, but signififor newborn retinas are not shown because the TH cantly, to about 30% of the adult level (0.65 PM) and is activity at this stage is too low to ensure reliability. The maintained at this level for the next 10 days. At day 18, apparent K,,, values for TH in day 8 and adult retinas are there is another abrupt increase in retinal dopamine identical and equal 1.1 x 10e4 M. On the contrary, the It is not known, however, whether this increased activity is due to an increase in the synthesis of TH or a transition from an inactive form of the enzyme to a functional form.
Monoamine oxidase activities during retinal development. Contrary to the development patterns of dopamine uptake, release, content, and synthesis, the specific activity of MAO in the newborn retina is about 300% of that found in the adult retina (Fig. 9) . The high MAO activities are maintained for the first 6 days after birth, and decrease dramatically to 150% of the adult level by day 11. There is then a gradual decline in MAO activity, reaching the adult level by day 25. These results show that MAO is clearly present in the rabbit retina at high levels throughout postnatal life. Indeed, this enzyme is highly active prior to the presence of significant levels of endogenous dopamine or tyrosine hydroxylase activities in the retina.
Kinetics of monoamine oxidase activities during retinal development. Similar to our analyses of TH activities, we have examined the kinetic properties of MAO in day 1, day 8, and adult retinas. As shown in Figure 10 , the apparent K,,, for MAO, 0.267 mM, is the same for all three stages. In contrast, the V,,, values of MAO in day 1, day 8, and adult retinas are 20, 11.76, and 4.76 pmol of dopamine degraded/gm of protein/hr, respectively. This decrease in V,,,,, probably accounts for the decline in MAO activities during retinal development. Additionally, our findings that the Lineweaver-Burk plots were linear and the apparent K,,, was unchanged for all three stages agree with our pharmacological characterization of MAO and indicate that only one form of MAO is present in both developing and adult rabbit retinas, namely, the type A form of MAO.
Discussion
Dopaminergic neurons in the rabbit retina. There is considerable evidence that dopamine is a neurotransmitter in the vertebrate retina. By means of a histofluorescence technique, Malmfors (1963, 1965) were the first investigators to identify and localize dopamine-containing neurons in the rabbit retina. Subsequently, dopamine has been shown to be present and localized in identified neurons of all retinas that have been examined to date (Dowling and Ehinger, 1978; Ehinger, 1977; Ehinger and Floren, 1978; Graham, 1974; Kato et al., 1980; Laties and Jacobwitz, 1966) . Certain retinal neurons also have been shown to possess a high affinity mechanism for dopamine uptake and to release I  1  I  I  1  I  I  I  I  I  I  I  I  I  0  2  4  6  8  IO  I2  14  16  18  20 the accumulated dopamine upon stimulation by light or high external K' (Kramer, 1971; Kramer et al., 1971; Sarthy and Lam, 1979; Sarthy et al., 1981) . Additionally, electrophysiological studies have shown that dopamine and its analogues have potent and reversible effects on the activities of retinal neurons (Ames and Pollen, 1969; Hedden and Dowling, 1978; Negishi and Drujan, 1978) and putative postsynaptic dopamine receptors in the retina have been identified (Thomas et al., 1978; Redburn et al., 1980; Schorderet and Magistretti, 1980; Watling et al., 1980) . The results presented in this paper confirm earlier findings that, in the rabbit retina, certain neurons with a morphology and distribution similar to the dopaminecontaining amacrine cells possess a high affinity mechanism for dopamine uptake and release the accumulated dopamine in response to depolarization by high external K'. These putative dopaminergic neurons represent a type of amacrine cell which ramifies predominantly as a sharp band adjacent to the inner nuclear layer with punctate terminals occasionally extending to deeper regions of the inner plexiform layer. These cells have been shown by electron microscopy to be pre-and postsynaptic to other amacrine cells exclusively (Dowling and Ehinger, 1978; Ehinger, 1977) . Compared to the number of putative GABAergic (about 49 somas/mm of linear expanse) and glycinergic (about 70 somas/mm) amacrine cells, the density of dopaminergic neurons (0.4 to 1.2 somas/mm) in the rabbit retina is very low. Thus, although the functional roles of dopaminergic cells in the rabbit retina are unknown, the sparsity of these cells suggests that they have extensive processes and, unlike GABAergic and glycinergic amacrine cells, may play a role in the integration of visual information over a vast retinal expanse.
Dopamine-accumulating cells in developing retinas. In the newborn rabbit retina, there is already a population of cells that selectively takes up exogenously supplied dopamine. The number, position, and morphology of these cells suggest that they are likely to become dopaminergic neurons of the adult retina. Thus, similar to the specific neuronal uptake systems for GABA and glycine Lam et al., 1980) , the dopamine uptake mechanism in dopaminergic neurons of the rabbit retina is functional at, or prior to, birth. This finding suggests that, like GABAergic and glycinergic neurons, the commitment by certain neurons to be dopaminergic also is made prenatally. Prenatal studies are in progress to determine the temporal sequence for the emergence and maturation of the uptake mechanisms for GABA, glycine, and dopamine.
Additionally, even in the l-day-old retinas, numerous labeled punctate terminals are evident (Fig. 5a ), indicating that the dopamine-accumulating cells probably already have extensive processes at this stage. In an earlier study, we have shown that, when isolated goldfish retinas were incubated with ["Hldopamine for various periods of time, the presynaptic terminals of dopaminergic neurons Lam et al. Vol. 1, No. 10, Oct. 1981 CDOAINE, (mM-' ) Figure 10 . Lineweaver-Burk plots of' MAO activities in day 1, day 8, and adult retinas. MAO activities were assayed by the oxidative deamination of dopamine. Enzyme preparations were supernatants of retinal homogenates after centrifugation at 2,000 x g for 2 min. Each point represents the average of two assays.
were labeled much earlier than the corresponding somas (Sarthy and Lam, 1979) . This result suggests that the uptake sites for dopamine may be predominantly on the presynaptic terminal rather than on the somas. The sites of dopamine transport in the rabbit retina are, unfortunately, not known. It is therefore of interest to examine by electron microscopy autoradiography the morphology and synaptic structure of putative dopaminergic cells in newborn and postnatal rabbit retinas.
The functional roles played by the dopamine uptake mechanism also are unknown. By analogy with the possible role of noradrenaline uptake in adrenergic transmission (Iversen, 1976) , dopamine uptake may be an effective mechanism for the clearance and inactivation of the dopamine released during synaptic transmission. Additionally, the uptake of dopamine into presynaptic dopaminergic terminals following its release may decrease the need for its synthesis and degradation during prolonged neuronal stimulation.
Dopamine release during retinal development. Not only do certain cells in the newborn rabbit retina possess a high affinity mechanism for dopamine uptake, they also can release the accumulated dopamine in response to a Ca"-dependent K' depolarization. In our earlier studies on the development of the amino acid transmitter system, GABA and glycine, we showed that, although putative GABAergic and glycinergic neurons in the rabbit retina already possess specific mechanisms for GABA and glycine uptake, respectively, at birth, the accumulated GABA and glycine are not released significantly by Ca"+-dependent K' stimulation until 7 to 9 days after birth Lam et al., 1980) . Thus, during development of the rabbit retina, the release mechanism for dopamine is functional much earlier than that for GABA and glycine. It is not known, however, whether the release of transmitters under our experimental conditions represents true synaptic and vesicular release. In this regard, it is of interest to compare the developmental patterns of presynaptic terminals or putative GABAergic, glycinergic, and dopaminergic neurons during retinal morphogenesis by a combination of high affinity uptake studies and electron microscopy autoradiography. Dopamine concentrations and tyrosine hydroxylase activities in the developing retina. Our results show that, during postnatal development of the rabbit retina, the dopamine contents increase at a rate very similar to the rise in the specific activities of TH, the rate-limiting enzyme for dopamine synthesis. This close correlation, together with our findings on retinal MAO activities, suggests that dopamine concentrations in the developing retina are regulated primarily through the biosynthesis of dopamine. Both the dopamine contents and TH activities fail to reach adult levels until about 25 days after birth. In the rat retina, Kato et al. (1980) also have shown Our studies also indicate that both dopamine concentrations and TH activities in the developing retina reach the adult level in a distinctly biphasic pattern. Although the functional significance of this maturation pattern is unknown, our results suggest that certain intrinsic programs and/or extrinsic factors may regulate the increase in tyrosine hydroxylase activities at two precise stages during retinal development: the first, between days 6 and 8 and the second, between days 18 and 24. In this regard, it is of interest that Stanton et al. (1974) also reported a two-phase increase in tyrosine hydroxylase activity during development of swine superior cervical ganglion. The activity in the newborn pig was about 10% of the adult level, increasing slowly during the subsequent 14 days to about 20% of the adult level, then rising sharply between day 14 and day 39 to about 95% of the adult level. The biphasic increase in the postganglionic fiber was tentatively explained in conjunction with the emergence of the choline acetyltransferase (CAT) activities in the preganglionic fiber. Since CAT activity was nearly maximal by day 14, the second phase of increase in TH activity that begins on day 14 was attributed to the influence of cholinergic input which, by this time, was assumed to be mature. In contrast, the first phase of increase appeared to be independent of synaptic formation and, therefore, might reflect the rise in TH activities in the absence of extrinsic influences. The trophic effect of acetylcholine on the development of the postganglion adrenergic fiber also has been examined by Thoenen (1972) , who showed that denervation of the preganglionic cholinergic fiber during the critical period of development causes a delay in the maturation of the postganglionic fiber.
It is not known whether similar induction of TH activities occur during retinal development. Furthermore, although dopaminergic amacrine cells in the rabbit retina are known to receive input from other amacrine cells (Dowling and Ehinger, 1978) , the neurotransmitters used by these cells are not known. However, electron microscopic studies on the synaptogenesis of amacrine contacts revealed that the synaptic density was about 20% of the adult level for the first 9 days after birth, then increased steadily to 75% by day 12, and reached the adult level by day 20 (McArdle et al., 1977) . Of the three neurotransmitter systems so far examined, putative GABAergic, glycinergic, and cholinergic amacrine cells (-----) in the rabbit retina. The releases of 'Ii neurotransmitter candidates were measured by Ca'+ -dependent effluxes of preloaded 3H transmitters into the medium in response to 56 mM extracellular K'. Results of the studies on GABA and glycine are taken from our earlier studies Lam et al., 1980) . Vol. 1, No. 10, Oct. 1981 are quite immature at 6 days after birth and are therefore unlikely to induce the increase in tyrosine hydroxylase activities observed at this stage Lam et al., 1980 ; D. M. K. Lam, S. C. Fung, and Y. C. Kong, unpublished observations). In contrast, by day 18, when the second phase of dramatic increase in TH activities was observed, GABAergic, glycinergic, and dopaminergic synapses are most probably functionally mature and some of these or other transmitter systems may indeed play a role in the induction of this enzyme and lead to the maturation of dopaminergic amacrine cells. In this regard, it may be of interest to examine the developmental pattern of TH and dopamine contents following the interference of transmission from identified retinal synapses.
MAO activities during retinal development. The finding that only the A form of MAO (MAO-A) is present in the rabbit retina is quite different from other tissues in this animal. Both forms of MAO are found in the rabbit brain (Hall et al., 1969) and only the B form is found in the heart and lung (Roth and Gillis, 1975) . Our results indicate that, in the rabbit retina, MAO activities are 300% of the adult level for the first 6 days after birth, decrease to 150% by day 11, and reach the adult level at day 25. McCaman and Aprison (1964) have studied the MAO activities in the rabbit brain beginning 3 days after birth. At day 3, the enzymatic activity is equal or higher than that of the adult in the different parts of the brain. Since MAO in the rabbit brain has both forms of MAO, the presence of MAO-A may be responsible for the higher level of total MAO activity immediately after birth. This correlation was later substantiated by a similar study in the rat brain. Bourgoin et al. (1977) demonstrated that, in the rat brain, the MAO-A activity was higher during early life than in the adult. On the contrary, the MAO-B activity increased steadily from newborn to the adult brain.
The decrease in MAO-A activities during postnatal development of the retina and other tissues suggests that, in the neonatal retina, this enzyme may be related to some functions other than the biodegradation of dopamine because it is difficult to comprehend why the retina would contain such a high capacity to degrade endogenous dopamine when the dopamine concentration at birth is very low. The real functions of this enzyme in developing and adult retinas thus require further investigations.
General conclusions. The results presented in this paper show that certain neurons in the newborn rabbit retina possess a specific uptake system for dopamine and are likely to become dopaminergic neurons of the adult retina. Thus, similar to our earlier studies on the development of GABAergic and glycinergic neurons Lam et al., 1980) , the commitment for certain neurons to be dopaminergic is made prenatally. However, unlike GABA-and glycine-accumulating neurons in the newborn retina, dopamine-accumulating neurons in the newborn retina are capable of releasing a significant amount of the accumulated dopamine in response to K' depolarization in a Ca"-dependent manner. (Fig. 11) . Furthermore, our autoradiographic studies indicate that, during the first few days of postnatal development, these dopamine-accumulating cells already have long processes and extensive arborization in the inner plexiform layer. These neurons are, however, functionally immature at this time because they contain little endogenous dopamine and extremely low tyrosine hydroxylase activities. The dopamine concentrations and tyrosine hydroxylase activities increase in parallel and in a biphasic manner, reaching the adult level at about day 25. The reason for this biphasic mode of maturation is unknown. By analogy to developmental studies in other nervous tissues, the possibility that the second phase of dramatic increase in retinal tyrosine hydroxylase activities, which begins around day 18, may be dependent on induction from other neurons deserves further study.
Our studies also raise a number of other interesting questions regarding the logistics in the development of retinal neurons and their transmitter systems. For instance, it is puzzling that there is a 2-to 3-week delay in the maturation of the dopamine-synthesizing mechanism compared to the dopamine uptake and release mechanisms. Additionally, in previous studies Lam et al., 1980) , we have shown that retinal GABAergic and glycinergic neurons are probably functionally mature shortly after the animals first open their eyes (about day lo), results which are consistent with the physiological maturation of ganglion cells (Masland, 1977) and morphological maturation of synaptic connections (McArdle et al., 1977) . For instance, Masland (1977) has shown that visual responsiveness, concentric field organizations, and directional selectivities of ganglion cells are mature between days 12 and 20 in the rabbit retina. Therefore, it is unclear why the dopaminergic neurons become mature many days after the maturation of GABAergic and glycinergic amacrine cells as well as most ganglion cells. In this regard, it also would be reasonable to compare the emergence and maturation of postsynaptic dopamine receptors with the differentiation of dopaminergic neurons. The logistics underlying the developmental pattern of dopaminergic neurons is, however, likely to remain unknown until the roles played by these neurons in the processing of visual information are elucidated. Finally, in the Xenopus retina, our studies also indicate that the dopaminergic neurons become mature at a much later stage than putative GABAergic and glycinergic neurons (Hollylield et al., 1979; Rayborn et al., 1981; Sarthy et al., 1981) . In this retina, however, the last dopaminergic property to emerge is the dopamine release mechanism (Sarthy et al., 1981) . The results presented in this paper therefore show that the emergence and maturation of dopamine uptake, synthesis, and release mechanisms in different retinas may follow vastly different developmental patterns.
